Purpose Vitrification techniques employ a relatively high concentration of cryoprotectant in vitrification solutions. Exposure of oocytes to high concentrations of cryoprotectant is known to damage the oocytes via both cytotoxic and osmotic effects. Therefore, the key to successful vitrification of oocytes is to strike a balance between the usage of minimal concentration of cryoprotectant without compromising their cryoprotective actions. Methods The minimal concentration of ethylene glycol (EG) on mouse oocyte survival and subsequent embryonic development was evaluated following vitrification-warming and parthenogenetic activation. Polyvinylpyrrolidone (PVP) combined with EG on mouse oocyte survival and subsequent embryonic development as well as morphology of the spindle and chromosome alignment were also evaluated. Vitrification system was adapted with JY Straw and the cooling rate was approximately 442-500°C/min. In contrast, the warming rate was approximately 2,210-2,652°C/min. Results Survival rate of oocytes increased significantly when 15 % EG was combined with 2 % PVP in vitrification solution (VS). The effect of combination of EG and PVP was not significant when the concentration of EG was 20 % and higher. Although there were no significant differences in embryonic development, the percentage of abnormal spindle and chromosome alignment was significantly higher in the oocytes without 2 % PVP in VS. Conclusions Our data provide a proof of principle for oocyte vitrification that may not require a high concentration of cryoprotectant. There are synergic effects of EG combined with PVP for oocyte vitrification, which may provide important information to the field in developing less cytotoxic VS.
Introduction
Cryopreservation of oocytes, embryos and ovarian tissues are the three main options in female fertility preservation. Each option has its own advantages and disadvantages. Oocyte cryopreservation can be applied to women who have no male partner, object to the use of donor sperm, or do not agree with embryo cryopreservation for various personal, financial, religious or moral reasons. In addition, to be a fertility preservation option for young women undergoing potentially sterilizing medical and surgical treatments, cryobanking of oocytes can also benefit a large population of single women who wish to delay motherhood. However, oocyte cryopreservation is not a viable option for pre-pubescent girls. In their cases, ovarian tissue cryopreservation is the only remaining option [16, 17] .
Slow-freezing methods that were considered the gold standard for embryo cryopreservation were applied in initial attempts in freezing oocytes. However, the slowfreezing methods for oocyte cryopreservation were met with low survival rates [31, 40, 41] . Fortunately, with recent advance of vitrification techniques, there has been an important improvement in the efficacy of oocyte cryopreservation in terms of survival and pregnancy rates [1, 4-7, 9, 10, 20, 27, 33, 41] . It now appears that oocyte vitrification can clinically be applied as a standard procedure for female fertility cryopreservation [12, 38] .
Although oocyte vitrification leads to pregnancy and live birth rates comparable to those achieved in fresh oocytes for in vitro fertilization (IVF) [38] , there are concerns about the technology used for oocyte vitrification in the relatively high concentration of cryoprotectant, such as ethylene glycol (EG) and dimethyl sulphoxide (DMSO) or propylene glycol (1, 2-propandiol, PROH). Exposure of oocytes to high concentration of cryoprotectants is known to damage the oocytes via both cytotoxic and osmotic effects [18] . Currently there is no standard protocol applied to oocyte vitrification. It seems that all present oocyte vitrification protocols use a relatively high concentration of cryoprotectant compared to slowfreezing protocols. Therefore, the key to successful vitrification of oocytes is to strike a balance between the use of minimal concentration of cryoprotectant without compromising their cryoprotective actions.
Polyvinylpyrrolidone (PVP) has been used as an additive in the freezing solution and successfully produced the first live birth following a cryopreservation of 8-cell stage mouse embryos [45] . However, PVP is not widely used for cryopreservation, because it has been reported that the effect of PVP on its cryoprotective function does not seem significant [11, 37] . In addition, there has been an attempt to replace human serum albumin (HSA) with PVP for a vitrification of mouse 8-cell stage embryos with unclear results [39] . PVP tends to increase viscosity of the freezing solution and also form interactions through hydrogen bonding water, thereby decreasing the propensity for ice crystal formation [14] . Recently, PVP has been used in conjunction with cryoprotectant to freeze bovine oocytes in order to improve and increase survival rates [2] . However, the exact functional role of PVP in freezing solutions during vitrification is still unclear.
The objectives of the present study are to determine the effect of minimal concentration of EG on oocyte survival and subsequent embryonic development following vitrificationwarming. In addition, the effect of PVP combined with EG on oocyte survival and subsequent embryonic development following vitrification-thawing were also evaluated.
Materials and methods

Chemicals
All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA) unless stated otherwise.
Animals
Mice (CD1, females 8-10 weeks old) were used in this study. The mice were housed in a temperature-and light-controlled room with free access to food and water under a photoperiod of 12 h in the light and 12 h in the dark. The experimental protocols and animal handling procedures were reviewed and approved by Animal Ethics Committee of McGill University.
Source of oocytes
Female CD1-strain mice were subjected to superovulation protocol involving intraperitoneal (IP) injection of 5 IU pregnant mare's serum gonadotropin (PMSG) followed 48 h later by IP injection of 5 IU human chronic gonadotropin (HCG). The mice were killed 14 h after HCG injection, and the oviducts were dissected and placed into a Petri dish containing modified human tubal fluid (m-HTF-HEPES) [32] supplemented with 1.0 mg/mL bovine serum albumin (BSA). The cumulus-oocyte complexes (COCs) were released by tearing the ampullae of the oviducts. The cumulus cells were removed enzymatically using 75 U/mL hyaluronidase and by mechanical dissociation using a glass pipette. The denuded oocytes were then washed with m-HTF-HEPES at room temperature before being subjected to cryopreservation experiments. The denuded oocytes were then assessed for their meiotic maturation status. Only morphologically normal metaphase II (MII) stage oocytes as judged by the presence of a first polar body (PB1) were selected in the study.
Cooling and warming procedures
After 1 h of oocyte denuding, the oocytes were suspended in Dulbecco's phosphate buffered saline (DPBS) based equilibration solution (ES) for 3 min at room temperature (RT) and then transferred to a DPBS based vitrification solution (VS) for 1 min at room temperature. The oocytes were immediately loaded onto JY Straw (JieYing Laboratory Inc, Longueuil, Quebec, Canada) with a straw cover (Fig. 1) , and then gently plunged into liquid nitrogen (LN 2 ) for vitrification. The loading section of this device does not contact LN 2 directly. Therefore, the cooling speed (Fig. 2a) inside of JY Straw has been measured using a special Thermometer (www.anritsumeter.co.jp) with a probe (BS-11 K-015-TS1-ANP) and the cooling rate was calculated as approximately 442-500°C/ min. In contrast, the cooling speed (Fig. 2b ) was also measured when the probe directly plunged into LN 2 , and the cooling rate was calculated as approximately 1,326-1,500°C/ min.
For the thawing procedure, the loading part of JY Straw was directly inserted into a DPBS based thawing solution (TS) containing 1.0 M sucrose at room temperature for 3 min. The warming rate (Fig. 3) has also been measured, and calculated as approximately 2,210-2,652°C/min. Then the oocytes were transferred to 0.5 M and 0.25 M sucrose solution for 3 min respectively. Finally the oocytes were washed twice in washing medium for 3 min before the transfer to 5 % CO 2 incubator at 37°C for culture.
Survival assessment of oocytes after vitrification-warming
Survival of the oocytes was assessed morphologically based on plasma membrane integrity and discoloration of the ooplasm after the oocytes were recovered from vitrificationwarming procedures.
Embryonic development of oocytes following parthenogenetic activation
The oocytes that survived were activated parthenogenetically by exposure to 8.5 mM strontium chloride in calcium-free KSOM medium for 2 h based on the methodology described by Huang et al. [19] and then the oocytes were transferred to 1.5 mM Cytochalasin B (CB) in mHTF medium containing 3.0 mg/mL BSA for 2 h of culture. The oocytes were washed twice and then place into 50 μL microdrops under mineral oil in modified KSOM containing 1.0 mg/mL BSA (mKSOM) [23] for the embryonic developmental culture. After 24 h of parthenogenetic activation, whether the oocytes activated or not were confirmed by 2-cell cleavage. The cleaved embryos were cultured until day 5 (120 h after activation) without changing the medium. At the end of the culture, the percentage of blastocyst formation was assessed.
Observation of meiotic spindle and chromosome alignment of oocytes After vitrification-warming, the oocytes that survived were fixed for immune-fluorescent staining of tubulin and chromatin for ultrastructure analysis as described by Liu and Keefe [25] . Briefly, after thawing, the oocytes were incubated in 5.0 % CO 2 incubator at 37°Cfor 2 h, and then the oocytes were fixed in 4 % paraformaldehyde for 5 min. Following the fixation, the oocytes were washed in Dulbecco's phosphatebuffered saline (DPBS) and transferred to 0.01 % Triton X- Fig. 1 Structure of JY Straw being used in the experiments. a JY Straw has two parts: an oocyte loading part and a straw cover part; (b) After putting the straw cover tightly, JY Straw is gently plunged in LN 2 . This is not a device where the loading part contacts LN 2 directly. There is a space between the loading part and the straw cover. Therefore, the cooling rate may not be as high as when a direct contact to LN 2 is performed Therefore, the cooling rate was approximately 442-500°C/min; (b) In contrast, the cooling rate was approximately 1,326-1,500°C/min when the loading part was inserted into LN 2 in direct contact without the straw cover 100 in DPBS for 40 min at room temperature. The oocytes were then washed extensively and blocked at 4°C in a wash medium (DPBS supplemented with 0.02 % NaN 3 , 0.2 % nonfat dry milk, 2 % goat serum, 2 % BSA, and 0.1 mol/L glycine) for 45 min at room temperature. After rinsing with DPBS, the oocytes were incubated with β-tubulin monoclonal antibody diluted 1:500 in DPBS at 4°C overnight. Then, washing twice in DPBS, the microtubulins were stained with fluorescein isothiocynate (FITC)-conjugated antimouse IgG (Molecular Probes, Eugene, OR, USA) diluted 1:320 in DPBS for 60 min in the dark at room temperature. Subsequently, washing three times in DPBS, the oocytes were mounted onto a slide under a coverslip in the Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA), containing 4,6-diamidino-2-phenylindole (DAPI).
Oocytes images were acquired using a Zeiss LSM780 confocal microscope with a Dioid (405 nm) laser for a nuclear labeling (DAPI) and an Argon multi-line (488 nm) laser for a spindle (FITC). The imaging used was 63*/1.40 oil DIC PlanApochromat objective and analyzed with LSM 5 Image Browser or Image J. The localization of tubulin and chromatin was revealed by the green signal of FITC and the blue signal of DAPI, respectively. Morphologically normal meiotic spindles and chromosome alignments were defined as bipolar spindle/aligned chromosomes: bipolar organization, with pointed or flattened poles, and microtubules converging at both poles and all chromosomes present and evenly aligned at the equatorial plate (Fig. 4a) . Otherwise, the meiotic spindles and chromosome configuration were considered to be abnormal. It usually appeared as a disarranged or multipolar spindle/nonaligned chromosomes (Fig. 4b) ; bipolar spindles, clusters of disorganized microtubules, and chromosomes with varying degree of misalignment (Fig. 4c) ; severely (Fig. 4d) .
Experimental design
All solutions were prepared using base medium, DPBS supplemented with 20 % fetal bovine serum (FBS, heat inactivated). Following vitrification, the oocytes were stored in LN 2 at least for 1 week before thawing for the experiments.
Effect of EG concentrations on oocyte survival following vitrification-warming The oocytes were equilibrated in the following ES containing 0.00 %, 1.88 %, 3.75 %, 7.50 % and 15.00 % EG, respectively. The oocytes were then transferred to the following VS containing 0.50 M sucrose with 3.75 %, 7.50 %, and 15.00 % and 30.00 % EG for vitrification, respectively. After warming, the oocyte survival rates were compared in each group.
Effect of PVP concentrations combined with 15.00 % EG on oocyte survival following vitrification-warming The oocytes were equilibrated in ES containing 7.50 % EG, and vitrified in VS contained 0.5 M sucrose and 15.00 % EG with 0.0 %, 0.5 %, 1.0 % and 2.0 % PVP, respectively. After warming, the oocyte survival rates were compared in each group.
Effect of EG concentrations combined with 2.00 % PVP on survival of oocytes following vitrification-warming The oocytes were equilibrated in ES containing 7.50 %, 10.00 %, 12.50 % and 15.00 % EG, respectively. Then, accordingly, the oocytes were transferred in VS containing 0.50 M sucrose with 15.00 %, 20.00 %, 25.00 % and 30.00 % EG, respectively. Each concentration was divided into with and without 2.00 % PVP. After warming, the oocyte survival rates were compared in each group.
Effect of 2.00 % PVP on embryonic development following vitrification-warming and parthenogenetic activation The oocytes were equilibrated in ES containing 7.5 % EG, and then the oocytes were vitrified in VS containing 0.5 M sucrose and 15.0 % EG with and without 2.0 % PVP. After warming, the oocyte survival rates were compared, and then the oocytes were artificially activated to compare the embryonic development.
Effect of 2.00 % PVP on spindle and chromosome alignment of oocytes following vitrification-warming The oocytes were equilibrated in ES containing 7.5 % EG, and then vitrified in VS containing 0.5 M sucrose and 15.0 % EG with and without 2.0 % PVP. After warming, the oocytes were fixed and stained for spindle and chromosome alignment observation.
Statistical analysis
Statistical analyses were performed with SPSS 16.0 software. Student t -test was used to analyze the differences in the percentages of oocyte survival, embryonic development and abnormality. P value of<0.05 was considered to be statistically significant differences.
Results
Effect of EG concentrations on oocyte survival following vitrification-warming
As shown in Table 1 , the minimal functional concentration of EG was 7.5 % in VS for oocytes following vitrificationwarming. The survival rates of the oocytes in final concentration of 7.5 %, 15.0 % and 30.0 % EG were 49.3 % (68/138), 75.0 % (105/140) and 93.6 % (132/141), respectively. There were significant differences among the groups (P <0.01). (Table 2) . Although there were no differences in the survival rates of oocytes after vitrification-warming among 0.0 %, 0.5 % and 1.0 % PVP groups, those were significantly different (P <0.05) compared to 2.0 % PVP group.
Effect of EG concentrations combined with 2.00 % PVP on survival of oocytes following vitrification-warming As shown in Table 3 , there were significant differences (P < 0.05) in the oocyte survival rates in the final concentration of 15 % EG in VS with (91.4 %=74/81) and without (80.5 %= Effect of 2.00 % PVP on spindle and chromosome alignment of oocytes following vitrification-warming
As shown in Table 5 , the percentages of normal spindle and chromosome alignment of oocytes were 70.3 % (26/ 37) and 45.5 % (15/33) respectively when the oocytes vitrified with and without 2.00 % PVP in 15.0 % EG of VS plus 0.50 M sucrose. There were significant differences (P <0.05) between oocytes vitrified with and without 2.0 % PVP. Accordingly, the abnormal morphology of oocytes following vitrification-warming with (29.7 %=11/ 37) and without (54.5 %=18/33) were also significant differences (P <0.05). In addition, both oocytes vitrified with and without 2.0 % PVP, the percentages of abnormal spindle and chromosome alignment were significantly increased compared to the fresh oocytes without vitrification-warming (8.6 %=3/35).
Discussion
The present study demonstrates that the minimal concentration of 15.0 % EG as a cryoprotectant combined with 2.0 % PVP can vitrify mouse oocytes successfully using JY Straw system in terms of survival, embryonic developmental and morphological observation. Almost all in the field have believed that the cooling rate is the most critical factor for oocyte vitrification. In order to accomplish this, a variety of devices that can obtain relatively high cooling rates have been used. Initially, replacement devices, such as electron microscope (EM) grid [28, 46] , open pull straw (OPS) [42, 43] , nylon mesh [29] , cryoloop [22] , or plastic sticker [3] were employed to plunge the devices into LN 2 directly. Later on, commercial devices, such as the cryotop [3, 21] and cryoleaf [4, 6] were developed, in which the vitrified samples were able to make direct contact with LN 2 in order to obtain a high speed of cooling rate, such as >20, 000°C/min, for vitrification [21] .
Until recently, it was unknown what the optimal cooling and warming rates with a very small amount (<1.0 μl) of solution and samples should be [24] . Recent studies with mouse models indicate that the lethality of slow warming is a consequence of the growth of small intracellular ice crystals by re-crystallization [34, 35] . This means that the cooling rate is of less consequence than the warming rate during vitrification and warming procedures [30] . Interestingly, these authors also demonstrated that a very high warming rate relative to a high cooling rate is the essential element to survival in a vitrification procedure [36] . The results from the present study supports their results that oocyte vitrification may not require such a high cooling speed. Different superscripts in the column indicate significant differences (P < 0.05) The toxicity of cryoprotectant has been recognized as a critical barrier to further advancement of the field. In fact, the toxicity of cryoprotectant has been considered as the most limiting factor to development of successful cryopreservation protocols for challenging cells and tissues [13] . The toxicity of cryoprotectant can be considered by its chemical self and the change of osmolarity of solution after adding the cryoprotectant into the vitrification solution, which affect directly microtubule assembly/disassembly, inducing a disorganization of the spindle microtubules and chromosomal scattering as well as microfilament network [15] .
The strategy to deal with reducing the toxicity of cryoprotectant is to employ less concentration of cryoprotectant in the vitrification solution but not to reduce their efficiency. Therefore, the lower the concentration of cryoprotectant will be, the lower the toxicity of the cryoprotectant, which may decrease the detrimental effect to cells or tissues without reducing the functional role of cryoprotectant. Interestingly, a recent report indicated that the high survival of mouse oocytes obtained after vitrification with a high warming rate in lower concentration of a standard slow-freezing solution suggested that the cooling rate is relatively of less consequence compared to the warming rate [36] . The results from our study also indicates that the high survival rate of oocytes can be achieved after vitrification and warming with relatively lower concentration of cryoprotectant (ie, EG) combined with 2.0 % PVP.
PVP is the soluble homopolymer of N-vinyl-2-pyrrolidone, and is sometimes called povidone. PVP is one of the most commonly used polymers in medicine because of its solubility in water and its low cytotoxicity [26] . It has been used widely in pharmaceutical and food industries because it possesses excellent characteristic properties, acting as a vehicle for drugs and as a plasma expander as well as a food additive. It has been known that cells of the reticuloendothelial (RES) could retain PVP, resulting in incorporation into macrophages by pinocytosis [44] . PVP is not only frequently added to medium as a substitute for macromolecules in serum, but are also useful for preventing loss of oocytes and embryos due to sticking to the glass or plastic surface of culture dishes or handling tools [8] .
Although PVP was shown to have a low cytotoxicity, there were few papers about its function on vitrification [2, 11, 14, 37, 39, 45] . The results of the present study demonstrate that addition of 2.0 % PVP into the vitrification solution is not only increasing the survival rate of oocytes after vitrification-warming, but also is beneficial to the micro-spindle and chromosome alignment of oocytes, resulting in higher embryonic development. It is not clear about the mechanism of PVP in preventing the damage from vitrification and warming procedures. This may need further investigation in the future.
In conclusion, the mouse oocytes can be vitrified successfully by relatively slow cooling rate with high survival rate using a minimal concentration of 15 % EG combined with 
